INTRODUCTION
============

Recent studies have demonstrated a number of risk factors for heart failure, and the molecular mechanisms that contribute to the initiation of heart failure are incompletely understood \[[@B1],[@B2]\]. These results suggest that heart failure, the leading contributor of human morbidity and mortality in the developed world, could be prevented or reverted, at least in experimental models \[[@B3]--[@B5]\]

IGF1R (insulin-like growth factor-1 receptor), an important tyrosine kinase receptor involved in cell metabolism, proliferation, differentiation, apoptosis, chemoresistance and angiogenesis, plays an important role in carcinogenesis. Moreover, the activation of IGF1R expressions related with malignant transformation, poor prognosis \[[@B6]--[@B10]\]. Recent studies have shown mammalian ageing and ageing-associated diseases are associated with dysregulation of IGF--Akt (protein kinase B) signalling. In the heart, short-term activation of IGF-Akt signalling pathway promotes physiologic growth, whereas sustained hyper-activation leads to the development of pathologic hypertrophy and heart failure \[[@B11]--[@B13]\].

Gene therapy is a promising method for human diseases. However, no effective and safety enough vector was developed, which limited its clinical use. Viral vector systems have been developed to transfer gene into cells with high efficiency, but some disadvantages such as limitations on plasmid insert size and safety issues, including mutagenic effects and induction of inflammatory responses were also concerned. Non-viral vectors were also designed as alternation of viral vectors. Actually, the non-viral vectors do not carry shRNA (small-hairpin RNA) or plasmid DNA to cells efficiently *in vitro* and even lower efficiency *in vivo*, whereby targeting delivery of therapeutic genes *in vivo* is required. Magnetofection, a novel and efficient gene delivery method, in which nucleic acids are conjuncted with magnetic nanoparticles in combination with cationic lipid, shows great promise in addressing the limitations discussed \[[@B14]--[@B22]\]. As in our previous work, magnetic lipoplex delivery of short hairpin RNA suppressed IGF1R overexpression of lung adenocarcinoma A549 cells *in vitro* and *in vivo* \[[@B23]\]. Magnetofection, exploiting the magnetic force exerted upon gene vectors associated with magnetic particles enhanced gene transfection not only into cultured cells *ex vivo*, but *in vivo* gene delivery into targeted tissues and organs in the body under the control of a magnetic field \[[@B24]--[@B26]\].

Although, the potential of using SPIONs (superparamagnetic iron oxide nanoparticles) to mediate gene delivery has been elegantly demonstrated in various cell lines and primary human cells, very few studies have ever been systematically assessed the feasibility of liposomal magnetofection for gene transfer to heart *in vivo*.

We addressed this issue by applying plasmid DNA conjugated with SPIONs in combination with Lipofectamine 2000 (Lip2000, Invitrogen) to transfer to heart *in vivo*, and thus evaluating the effects of shIGF1R on cardiac hypertrophic process.

MATERIAL AND METHODS
====================

Cardiac hypertrophy disease model in murine heart
-------------------------------------------------

All experiments were performed according to protocols approved by the guideline of Zhejiang University\'s Institutional guidelines established for animal care and use. All animals were obtained from Zhejiang Academy of Medical Science (Hangzhou, China) and maintained in a clean environment. Eight-week-old male C57BL/6 mice were used in this study. The mice received a continuous infusion of norepinephrine or vehicle (saline) at a dose of 15 mg/kg/day for 11 days.

Echocardiography, morphometry and histology analysis
----------------------------------------------------

Transthoracic echocardiography was performed in awaked mice with VisualSonics Vevo® 2100 Imaging System. The echocardiographer was blinded to the experimental status of the mice. Cardiac hypertrophic parameters such as LVID;s (left ventricular internal diameter at end-systole) and LVID;d (left ventriular diastolic dimension) LVPWT (left ventricular posterior wall thickness), ISVT (interventricular septal thickness), ejection fraction (EF%), left ventricular shorting rate (FS%) were calculated to determine cardiac hypertrophy. Histological analysis was performed in paraffin-embedded heart sections. HW/BT (heart weight-to-body weight) was calculated to determine cardiac hypertrophy. Cardiac myocyte cross-sectional area was also calculated in high-power fields from the left ventricular region.

Liposomal magnetofection-based gene therapy *in vivo*
-----------------------------------------------------

Liposomal magnetofection-based gene therapy *in vivo* was performed as described \[[@B23]\]. The mice were randomly divided into two groups (*n*=8 per group): control group liposomal magnetofection group. A volume of 200 μl saline was injected into the mice via the tail vein, and in the liposomal magnetofection group, a complex of pGFPshIGF1R (50 μg/mouse):combiMAG (50 μg/mouse):Lip2000 (125 μl/mouse) was injected into the mice via the tail vein when the mouse chest exposed upon a 400 mT magnetic field. In the liposomal magnetofection group, Nd--Fe--B magnet (400 mT) was held onto the thoracic surface for 20 min following the injection. The magnetic field was then removed. At 24 h post-injection, the mice in the control and liposomal magnetofection group were killed by cervical dislocation and the hearts were quickly removed and analysed as a snap-frozen section (5 μm) using a freezing microtome (Leica CM1900). The GFP (green fluorescent protein) expressing cells in the heart tissue sections were visualized using a fluorescence microscope.

Western blot analysis
---------------------

At 24, 48, 72 h post-injection, mice in the control group and treatment group were killed and the hearts were quickly removed. Protein was extracted from these heart tissues and Western blot analysis was performed as previously described \[[@B23]\]. Briefly, 60 μg of the total tissue proteins from heart tissues of mice (30 μg for β-actin) were separated on 10% SDS--PAGEs, and then analysed using anti-IGF-1R, anti-AKT, anti-p-akt, anti-ERK (extracellular-signal-regulated kinase)1/2, anti-p-ERK1/2 (Santa Cruz).

Quantitative real-time PCR
--------------------------

The mRNA levels of β-MHC (β-myosin heavy chain), ANP (atrial natriuretic peptide) were determined by real time-PCR using a QuantiTect SYBR Green real-time PCR. Kit (TAKARA). Total RNA was isolated from samples with Trizol reagent (Life tech) according to the manufacturer\'s instructions. Primers were designed to generate short amplification products. The sequences of the specific primers were: IGF1R, 5′-ACCGCAACTACCGCTTCCCC-3′ (forward) and 5′-CCGCG GATGACCGTGAGGTT-3′ (reverse); β-MHC, 5′-CAGACATAGAGACCTACCTTC-3′ (forward) and 5′-CAGCATGTCTAGAAGCTCAGG-3′ (reverse); ANP, 5′-CTCCGATAGATCTGCCCTCTTGAA-3′ (forward) and 5′-GGTACCGGAAGCTGTTGCAGCCTA-3′ (reverse); β-actin, 5′-TGTGTCCGTCGTGGATCTGA-3′ (forward) and 5′-CCTGCTTCACCACCTTCTTGA-3′ (reverse). Real-time PCR was performed in 20 μl reaction volumes using 10 pmol of primers. Reverse transcription was performed at 37°C for 15 min, and cDNA was amplified for 40 cycles: 95°C for 5 min, 95°C for 15 s, 60°C for 34 s, and 95°C for 15 s. β-actin was used as an internal control to calculate the relative abundance of mRNAs. The relative expression between treatments was calculated using the following equation: relative gene expression=2^−(ΔCtsample−ΔCt\ control)^.

Statistical analyses
--------------------

Data were presented as mean ± S.D. from at least three parallel experiments. One-way ANOVA and Student\'s *t* test were utilized and *P*\<0.05 was considered statistically significant.

RESULTS
=======

Liposomal magnetofection allowed site-specific gene delivering *in vivo*
------------------------------------------------------------------------

To evaluated the feasible target-specific gene therapy *in vivo* with liposomal magnetofection, pGFPshIGF-1R: combiMAG:Lip2000 complex was injected via the tail vein in the direction of the magnetic field. High GFP expression was observed in the heart tissue suggesting that liposomal magnetofection could be a specific method to promote uptake of plasmid DNA into specific target sites ([Figure 1](#F1){ref-type="fig"}A). Western blotting showed high interference efficiency of shRNAs delivered by liposomal magnetofection in heart at 24, 48 and 72 h. The results showed that the silencing efficiency of shRNAs delivered by liposomal magnetofection reached 72.2±6.8, 80.7±9.6 and 84.5±5.6%, at 24, 48 and 72 h, respectively ([Figures 1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C). These results supported that liposomal magnetofection was an efficient way, which allowed target gene therapy.

![Efficiency of magnetofection-based transfection and expression of IGF-1R\
(**A**) High efficiency of liposomal magnetofection-based gene transfection *in vivo.* Magnification=50×, 100×, 200×, respectively. (**B**) Down-regulation of IGF-1R expression in mouse heart by delivered shRNA specific for IGF-1R using liposomal magnetofection *in vivo*. (**C**) shRNA transfection by liposomal magnetofection significantly inhibited IGF-1R protein expression at 24, 48 and 72 h, \**P*\<0.01 versus control (saline injection). Bars denote standard errors. *N*=3.](bsr2013-0107i001){#F1}

Norepinephrine induced cardiac hypertrophy and overexpression of IGF1R
----------------------------------------------------------------------

Pressure overload mediated ventricular myocardium hypertrophic decreased myocardial wall stress, activated maladaptive hypertrophic pathways, leading to impaired systolic function, cardiac myocyte apoptosis and fibrosis ([Figure 2](#F2){ref-type="fig"}). Histological analysis showed increased cardiomyocyte cross-sectional area and HW (heart weight)/BW (body weight) in norepinephrine-treated mice compared with control mice. At 11 days after norepinephrine using, echocardiographic analysis was performed to calculate the key hypertrophic parameters, such as LVID;s and LVID;d, LVPWT, ISVT, EF% (ejection fraction), left ventricular shorting rate (FS%) to determine cardiac hypertrophy. Echocardiography revealed increased septal and posterior wall thickness, HW:BWs (heart weight-to-body weights) compared with controls. Importantly, norepinephrine administration *in vivo* increased end-diastolic volumes. At 11days, mice administrated with norepinephrine exhibited a significant decrease in cardiac EF% and depressed %FS (per cent fractional shortening); and the expression of IGF1R was up-regulated after norepinephrine administration. In addition, the mRNA (messenger RNA) expression level of ANF and β-MHC, markers of left ventricular hypertrophy, were also significantly higher. Histological analysis showed the increased cardiomyocyte cross-sectional area in norepinephrine-treated mice, compared with control mice.

![Cardiac dysfunction in norepinephrine administrated mice\
(**A**) Morphological characteristics of isolated heart from control group and norepinephrine administrated group. Histological evaluation the cross-sectional area of heart tissue from normal group (**B**), norepinephrine administrated mice (**C**), Magnification=200×. (**D**) Norepinephrine administration increased the cross-sectional area compared with control, \**P*\<0.05. (**E**) Ratio of HW/BW within two group,\**P*\<0.05. (**F**) The mRNA level of IGF1R, β-MHC, ANP were up-regulated in norepinephrine administrated heart tissues, \**P*\<0.05 versus control. Echocardiographic evaluation of heart function in normal mice (**G**) and hypertrophic heart (**H**). (**I**) Norepinephrine administration decreased the fractional shortening of left ventricle (FS%) and EF%,\**P*\<0.05 versus control. (**J**) Norepinephrine administration induced cardiac hypertrophy. Parameters of cardiac hypertrophy were evaluated, \**P*\<0.05 versus control. LVDd;d, diastolic left ventricle internal dimension; LVDd;s, left ventricular diastolic dimension](bsr2013-0107i002){#F2}

Liposomal magnetofection-mediated site-specific gene delivering attenuated cardiac hypertrophy *in vivo*
--------------------------------------------------------------------------------------------------------

Liposomal magnetofection mixture was continually administered at the first 4-days via tail vein injection combined norepinephrine administration. At 11 days, the baseline of cardiac function was evaluated. ShIGF1R-treated mice exhibit little echocardiographic, gross anatomical changes because of cardiac IGF1R down-regulation. This indicated that long-term silencing of IGF1R had no significant effect on myocardial function in the absence of pathological stresses.

At 11 days post-norepinephrine administration, mice were sacrificed and heart tissues were collected. Echocardiographic results showed that silencing IGF1R attenuated hypertrophic remodelling as compared with controls. Specifically, liposomal magnetofection-shIGF1R mixture-treated mice showed the reduced septal and posterior wall thickness, as revealed in the echocardiograms, and had reduced HW:BWs compared with no shIGF1R-treated controls. Importantly, liposomal magnetofection-shIGF1R transfection *in vivo* reduced end-diastolic volumes with elevated ventricular pressures indicating that silencing IGF1R expression protect against ventricular remodelling in the setting of pressure overload. At 11 days, mice treated with shIGF1R exhibited a increase in cardiac EF%, and significant increase in function with depressed %FS. Echocardiography revealed maintenance of ventricular volumes in mice treated with shIGF1R. shIGF1R treatment protected the myocardium from systolic failure. Histological analysis showed the decreased cardiomyocyte cross-sectional area in shIGF1R-treated mice ([Figure 3](#F3){ref-type="fig"}).

![Effects of shIGF1R administration on cardiac hypertrophic process *in vivo*\
(**A**) Morphological characteristics of isolated heart from different groups. (**B**) Ratio of HW/BW in different group,\**P*\<0.05. Histological evaluation the cross-sectional area of heart tissue from normal group (**C**), shIGF1R administrated group (**D**), saline-treated group (**E**), Magnification=200×. (**F**) shIGF1R administration attenuated the cross-sectional area compared with control, \**P*\<0.05. Echocardiographic evaluation of heart function in normal mice (**G**), hypertrophy (**H**), shIGF1R-treated mice (**I**). (**J**) shIGF1R administration increased the fractional shortening of left ventricle (FS%) and EF%,\**P*\<0.05 versus control. (**K**) Parameters of cardiac hypertrophy:LVDd;d, diastolic left ventricle internal dimension; LVDd;s were evaluated, \**P*\<0.05 versus control.](bsr2013-0107i003){#F3}

Treatment with sh-IGF1R-attenuated cardiac hypertrophy by inhibiting the PI3K/AKT signal pathway
------------------------------------------------------------------------------------------------

Various factors such as IGF-1, angiotensin II, endothelin, lead to the development of cardiac hypertrophy and that this requires a fully functional IGF-1 receptor. Studies also showed that the ERK (extracellular signal-regulated kinase) 1/2, Akt could be involved in downstream of IGF1/IGF-1R pathway \[[@B27]\]. The ERK can be activated by several hypertrophic stimuli such as fibroblast growth factors, ET-1 and K1-adrenergic agonists, TPA, stretching, and, bradykinin \[[@B28],[@B29]\]. Activation of ERK exerted a common hypertrophic action. To elucidate whether IGF1R gene silencing by shIGF1R was associated with suppression of PI3K/AKT signal pathway, expression of these proteins in the heart tissues were assessed by Western blot. Protein samples were extracted from the heart tissues after post-injection day 1, day 2 and day 3. We noted that liposomal magnetofection-based shIGF1R transfection decreased the expression of p-ERK1/2, p-AKT1 compared with control hearts, suggesting that sh-IGF1R inhibited norepinephrine administration-induced cardiac hypertrophic process via inhibiting PI3K/AKT pathway ([Figure 4](#F4){ref-type="fig"}).

![ShIGF1R treatment negatively regulated the IGF signalling pathway\
(**A**) Representative Western blots showed decreased expression of phosphorylation of IGF signalling-related proteins (ERK1/2, AKT) in shIGF1R-treated group compared with control. *N=* 6 per group. The 'p-' prefix indicates the phosphorylated form. (**B**) Data were presented as the mean ± S.D. For p-AKT, \**P*\<0.001 versus normal heart tissues and for p-ERK1/2,\#*P*\<0.01 compared with normal heart tissues.](bsr2013-0107i004){#F4}

DISCUSSION
==========

We successfully applied commercially available superparamagnetic iron-oxide nanoparticles in combination with Lipofectamine 2000-mediated gene delivery under the influence of an external static magnetic field in an NSCLC cell line (A549) *in vitro* and further achieved targeting transfection in nude mice.

We showed that magnetofection was a novel method of targeting therapeutic gene delivery for gene therapy of cancer \[[@B23]\].

Mice undergo a progressive left ventricle dilation followed a period of 11 days norepinephrine administration. Norepinephrine administration impaired the left ventricle remodelling inducing typical pattern of eccentric left ventricular hypertrophy, enlargement of the left ventricular chamber and an impaired wall thickening. Magnetic nanoparticles, iron oxide core composed a biocompatible polymeric coating, have been extensively studied as a method for localized drug delivery to tumours \[[@B30],[@B31]\]. Surface properties of magnetic nanoparticles was associated with the transfection efficiency, especially the surface charge of the nanoparticles \[[@B32],[@B33]\]. A positive surface charge has been shown several drug/gene delivery advantages. However, cationic nanoparticles suffer from a several drawback. First, cationic nanoparticles attract opsonizing proteins, which leads to rapid plasma clearance of the nanocarriers, such as short nanoparticle plasma half-life \[[@B34]\]. Secondly, performed magnetic targeting procedures involve the magnetic capture of nanoparticles administered locally to superficial tissues or subcutaneous tumours \[[@B35]\]. Following intravenous administration, magnetic nanoparticles have to be passively delivered to the tumour vasculature for subsequent magnetic capture. Thirdly, the amount of agent available for tumour uptake over time after systemic administration is known to be directly proportional to the area under its plasma concentration-time curve \[AUC (area under the curve)\] \[[@B36]\]. And surface modification with PEG (polyethylene glycol), termed PEGylation can increase the AUC \[[@B37]\]. In this study, we achieved highly efficiency of targeting transfection in mice applied with liposomal magnetofection. The expression of IGF1R in mouse heart was efficiently silenced.

Furthermore, we found that the absence of IGF1R caused a decrease left ventricular remodelling in conditions of sustained biomechanical stress, such as eccentric hypertrophy, thus accelerating the transition towards heart failure. We found that mice treated with shIGF1R exhibited a increase in cardiac EF%, significant increase in function with depressed %FS. Echocardiography revealed maintenance of ventricular volumes protecting the myocardium from systolic failure in mice treated shIGF1R.

IGFIR is related to the development of myocyte hypertrophy \[[@B38]\]. IGF1 increased protein synthesis in cardiac myocytes via activation of the ERK1/2 cascade pathway, and inhibitors of signal transduction on IGF1 can protect against cardiac myocyte hypertrophy \[[@B39]\]. The MAPKs (mitogen-activated protein kinases) cascade, such as ERK, c-JNK (c-Jun N-terminal kinase) and p38 are implicated as important regulators of cardiomyocyte hypertrophic growth.ERK1/2 signalling pathway activation stimulated a physiologic hypertrophy response associated with augmented cardiac function and partial resistance to apoptotsis \[[@B40]\].

The absence of IGF1R expression specifically reduced phosphorylation of ERK1/2, and substantially affect phosphorylation of AKT. The expression of p-ERK1/2, p-AKT in the heart tissues were significantly decreased compared with control hearts after sh-IGF1R post-injection day 1, day 2 and day 3. These results suggested that sh-IGF1R transfection inhibited norepinephrine administration-induced cardiac hypertrophic process via inhibiting PI3K/AKT pathway.

In conclusion, we successfully achieved targeting transfection to mice heart by applying commercially available superparamagnetic iron-oxide nanoparticles in combination with lipofectamine 2000-mediated gene delivery under the influence of an external static magnetic field, which provided a novel method of targeting therapeutic gene. Even more, silencing IGF1R expression maintained ventricular volumes protecting the myocardium from systolic failure.

AUTHOR CONTRIBUTION
===================

Yiping Xu and Xuebiao Li carried out the comprehensive search on the library databse, participated in designing the experiment, and drafted the manuscript. Minjian Kong performed the statistical analysis and participated in gene transfection *in vivo*. Daming Jiang, Zhonghua Shen and Qunjun Duan participated in echocardiography, morphometry and histology analysis. Aiqiang Dong conceived the study, participated in its co-ordination and helped to draft the manuscript. All authors read and approved the final manuscript.

FUNDING
=======

This work was supported by the National Health and Family Planning Commission, People^'^s Republic of China \[grant number 210233039\] and Medicine and Health Science and Technology, Zhejiang Province \[grant number 2012RCA028\].

[^1]: ^1^These authors contributed equally to this work and are co-first author.
